Plastic deform ation of silver chloride I. Internal stresses and the glide mechanism The experiments of Obreimow & Schubnikoff (1927) on the birefringence produced by the plastic deformation of single crystals of rock salt have been extended to a polycrystallirie material. Rolled sheets of silver chloride have been recrystallized and then deformed plastic ally in various ways-by simple extension and by bending, for example. The sheets are trans parent and very ductile and, since silver chloride is cubic in structure, the birefringence patterns observed under the microscope provide a picture of the distribution of the internal stresses uncomplicated by natural double refractions. It is suggested that results obtained with this optical method are applicable to metals.
Silver chloride appears to deform by glide, and when the glide packets are observed on edge a characteristic pattern of parallel birefringent bands is visible. The relation of the glide plane and glide direction to the crystal structure has been studied by making observations upon these bands and upon the glide lines formed on the surfaces of bars of square cross-section consisting effectively of chains of single crystals. The orientations of the fifteen sets of glide bands examined in this way were all consistent with glide movements in a <110> direction; the glide plane, however, was not always a crystallographic plane of low indices. In the six cases in which the measurement was possible, it lay within 9° of the plane in the.<110> zone on which the maximum shear stress, resolved in the <110> direction, acted. It is concluded that silver chloride deforms by 'pencil glide', the mechanism postulated by Taylor & Elam in 1926 to explain the plastic behaviour of a-iron. The transmission of pencil glide across grain boundaries is discussed.
The residual stresses observed by the optical method in polycrystalline sheets may be divided into three groups: (1) A system of stresses set up between the glide zones of each grain and alternating with a period equal to the spacing of the glide zones. A detailed analysis of these is given in the second paper (part II). (2) Alternating stresses produced when a system of glide zones meets a grain boundary. (3) 'Heyn stresses' produced by the non uniformity of plastic deformation from grain to grain.
I n t r o d u c t io n
If one deforms a crystalline body plastically and removes the external forces it is found th at stresses remain locked up in the interior. Internal stresses of Ihis type may be present both in single crystals and in poly crystalline aggregates, and much attention has been paid in recent years to their occurrence in cold-worked, polycrystalline metals. The X-ray diffraction method, which has been the principal means of investigation, unfortunately suffers at present from a serious limitation: the stresses that are investigated are often distributed in space in patterns of micro scopic scale, and they may vary considerably in distances comparable with the width of the X-ray beam. For this reason, an X-ray beam, while often capable of indicating the presence and the magnitude of internal stresses, is too coarse an instrument to use for a detailed exploration of their distribution in space.
Another method of approach to the problem, which is both powerful and direct, is to make use of the photoelastic effect in transparent crystals. Cubic crystals are particularly suitable, for, since they are not naturally doubly refracting, their birefringence gives a direct picture, subject to certain restrictions, of the magnitude, direction and spatial distribution of the internal stresses.
In the present state of the theory of plastic deformation of crystalline materials the restriction to transparent materials, inherent in this method, is not serious. Since there is no apparent connexion between the plastic properties of a crystalline substance and its transparency or opacity, it is reasonable to assume that results derived from experiments on a transparent material will be applicable to other substances whose mechanism of plastic deformation is essentially similar. In particular, the results should be applicable to metals.
The first observation of artificial birefringence caused by plastic deformation of a crystal seems to have been made in 1815 by Brewster (1818 Brewster ( , 1853 . The 'lamellar polarisation' that Brewster noticed in rock salt, diamond and certain other cubic crystals was later studied by Biot, but neither experimenter appears to have appreciated that in some of these crystals it was due to plastic deformation (Reusch 1867). More recently, Obreimow & Schubnikoff (1927) have made careful obser vations of the way the birefringent bands in rock salt appear during the course of plastic deformation, and the nature of the deformation has been further investigated by Brilliantow & Obreimow (1934 , 1937 by the use of an ingenious combination of X-ray and optical methods. The photoelastic method does not seem to have been used to explore, in detail, the plastic deformation of any other crystals, nor has it been applied to the internal stresses arising in polycrystalline materials. To approach this problem a substance is needed that is transparent, poly crystalline, ductile, and preferably optically isotropic in the unstressed state. Silver chloride possesses all the required properties and, in particular, is very ductile at room temperature. Its exceptional qualities have earned it the name of 'transparent m etal'.
In this paper we try to show how the characteristic appearance, under the polar izing microscope, of deformed sheets of silver chloride may be explained as the result of internal stresses. There follows a description of experiments to determine the mechanism by which silver chloride deforms plastically, from which we conclude th at the process is 'pencil glide'. In part II of this series, with the same general title (Nye 1949), which may be read independently, we give a detailed qualitative explana tion of the photoelastic pattern produced between the glide zones in terms of the stresses caused by dislocations.
In addition to the effects of plastic deformation, various optical phenomena make their appearance in the sheets either without stress being applied, or in the elastic stress range. They are interesting as curiosities of the behaviour of crystals in polarized light, but, as most of them have only an indirect connexion with the plastic properties, they are being dealt with in a separate paper.
Short accounts of the experiments have been given in Nature (Nye 1948 , b) and some of the phenomena were demonstrated at a Conversazione held by the Royal Society on 29 May 1947.
J. F. Nye

Preparation of the sheets
The silver chloride used in the experiments was obtained from the Harshaw Chemical Company of Cleveland, Ohio, U.S.A. I t is understood th a t large blocks of the material are formed from the melt under carefully controlled conditions of solidification and cooling, and are then hot rolled. Sheets of thicknesses from 0*3 to 1-0mm., measuring about 5 x 5 cm., were supplied. A Leitz Polarizing Microscope, Model CM, was used for the observations. Under ordinary illumination these sheets appeared transparent and colourless, the only marks being scratches on the surface caused by the rolling; but when viewed in white light between crossed nicols, a t low magnification, they showed many light areas, for the rolling treatm ent, as was to be expected, had left them with residual stresses. The sheets were so highly distorted th at only rarely could one grain be distinguished from another; the grain boundaries could be made visible, however, by etching for a few seconds in a strong solution of sodium thiosulphate. Most of the experiments to be described were made on strips measuring 30 x 5 mm. cut from these sheets with a razor blade. The strips were first recrystallized by heating in air for 2 hr. at 400° C (the melting-point of silver chloride is 455° C). After cooling in a furnace (this point will be returned to later in § 9), they were again examined under the microscope between crossed nicols. All the light areas had disappeared and the strips were therefore judged to be free from all but the smallest internal stresses.
The boundaries between the new, recrystallized, grains could be seen on the surfaces of the strips in unpolarized light, when they .appeared as fine black lines. The grain size was such th at in most places the strips were only one grain thick.
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With sheets of the thicknesses used, the path differences caused by stress bire fringence were always less than the wave-length of light. The colour of the restored light was usually white; occasionally, with high loads and thick strips, the first order yellow was reached.
The stress-strain curve of an annealed single crystal of silver chloride, as measured by Stepanow (1934) , is similar in shape to that of annealed copper in that the elastic limit (6*9 bars)* is small compared with the stresses that can be withstood by the material after it has been hardened by strain (of the order of 150 bars). Thus, quite a small force in an annealed specimen is sufficient to cause the first trace of plastic deformation; a strip after recrystallization is about as rigid as a piece of cardboard of the same thickness. That a permanent change has taken place can be detected by the fact that, when the external deforming load is taken away, the strip no longer appears completely dark in a polariscope. Figures 1 a and 6 , plate 5 show a plastic ally deformed sheet between crossed nicols. Figure 1 a was taken while the external deforming load was still acting; figure 1 6 was taken after it had been removed.
The light patches that are observed after removal of the load fall broadly into three classes. The majority are irregular in shape and, in general, smaller-though not much smaller-in area than the grains. Some grains, however, are seen to be crossed by straight bands of light. It is possible to see these bands forming while the external stress is being applied. At first they are widely spaced but, on further deformation, new ones form between the old ones and, in addition, grains and parts of grains which before were still in the elastic range are suddenly traversed by a series of these bands. We shall call them 'birefringent bands'. The third type of residual birefringence is only seen at grain boundaries. The deformed strips contain residual bending moments and, while such a stress system is invisible in the grains themselves, it shows up, for reasons described elsewhere (Nye 1948a), at grain boundaries. This bending may consist, in general, of couples acting about two perpendicular axes lying in the plane of the sheet. (If the couples are equal and opposite we have the special case of torsion about an axis in the plane of the sheet.)
Examples of all three types of residual birefringence can be seen in figures 16, 2 a, plate 5 and 3, plate 6. There are several sets of birefringent bands in these photo graphs, and, in figure 3, more than one set in the same grain. Some of the irregular patches of light have a streaky appearance. Sharp sets of bands are illustrated in figures 4, 5, plate 7 and 66, plate 8.
If the deformation is continued, fine lines begin to appear on the surfaces of the sheet. In distinction to the birefringent bands and the residual stress patterns referred to above, these lines are visible without the aid of polarized light. They resemble the slip bands seen on metallic surfaces which have been polished and then deformed. Lines of this type are seen in figure 6a , plate 8, which shows the same area as figure 66 but without the analyzer. They show up in reflected as well as in transmitted light and examination under oblique illumination makes it clear that they are fine steps on the surface of the sheet. To estimate their height the 'shadow-casting ' technique developed for electron microscopy was used. When a beam of gold was made to strike a sheet a t a glancing angle of 6°, subsequent measurements under an optical microscope of the widths of the 'shadows' showed th a t the most prominent steps had a height of about 4000A. I t would appear th at these steps are due to glide, for, although both the Qther fundamental mechanisms of plastic deformation, twinning and kinking, can cause a surface to be broken up into facets making angles with each other, they cannot, by their nature, give rise to steps. The plastic behaviour of silver chloride is thus different from th at of sodium chloride, which, a t room temperature, deforms mainly or entirely by kinking (Brilliantow & Obreimow 1937; Orowan 1942) .
If the deformation is by glide it is natural to ask whether the birefringent bands represent the systems of stress set up in the glide packets between successive glide zones. If this is so, the fact th at the bands vary considerably in sharpness has a natural explanation; for they should appear sharp only if the glid6 plane is observed edgeways on. When it is inclined to the direction of the light the different parts of the birefringence pattern in each glide packet will overlap and the details will be obscured. If the angle of inclination is further increased, the stress patterns in different glide packets will overlap and, although the streakiness in the pattern may not be com pletely obliterated, the details will be quite lost. In agreement with this explanation, it was possible to increase the sharpness of some of the less distinct systems of bands by rotating the specimen under the microscope about an axis parallel to the bands. A Leitz graduated tilting stage was used for the purpose. I t was not possible to make the bands in all the grains sharp by rotation, but, since the critical angle for the refraction of light passing from silver chloride into air is only 28° 52', this is not surprising. In general, when air is used as the surrounding medium, we could only expect to be able to rotate to sharpness those bands in which the planes are inclined to the normal at angles within the range -28° 52' to 28° 52'. In practice, owing to mechanical difficulties, this range is considerably reduced.
The connexion between the birefringent bands and the glide lines on the surface must now be discussed. Some grains contain a system of birefringent bands with a series of glide lines running parallel to them. However, bands are frequently seen th a t are not accompanied by a parallel series of glide lines-this is especially the case in stretched or bent sheets-and, conversely, most glide lines do not run parallel either to a system of bands or to any streakiness in the birefringence pattern. I t can be observed, however, th at the irregular patches of birefringence which show up most brightly in a circular polariscope are those crossed by the most prominent glide lines. Figures 5, 6 a and 6 provide examples of these facts. The set of bands in the upper grain of figure 66 have the same direction as the vertical set of glide lines, but another set of glide lines crosses the same grain in a horizontal direction and does not appear to affect the birefringence pattern to any great extent. On the other hand, no sign whatever could be found of any glide lines following the directions of the sets of bands in figure 5 (although a set of glide lines can be seen crossing them at right angles). In such cases as this, plastic deformation has taken place in a way th a t leaves no trace on the surfaces; a surface examination of the usual metallographic type would have failed to reveal it.
The explanation of these observations is simple. Birefringent bands without glide lines occur when the glide direction is parallel, and the glide plane is approxi mately perpendicular, to the surface of the sheet. Glide lines without birefringent bands occur when the glide planes make such large angles with the normal to the sheet that the birefringence pattern is obscured by overlapping. Experiments on rectangular bars (see § 4 (6)), which could be viewed through two surfaces approxi mately at right angles, confirmed this.
E xperiments to determine the glide elements (a) Experiments on sheets
The next step in the investigation was to find the crystallographic indices of the glide plane and glide direction. In the experiments now to be described the crystal lographic orientations of six grains showing particularly sharp birefringent band systems were found by taking X-ray Laue photographs. These grains were part of deformed polycrystalline sheets. Two of them are illustrated in figure 5 (strip no. 4) and the other four in figure 4 (strip no. 19). It is unfortunate that the stress system which produced them is not known. The sheets had already been bent between the fingers and then the bands appeared quite suddenly as the strips were being mani pulated on a microscope slide. They were possibly the result of a combination of bending and torsion. Band systems of this sharpness rarely occur in strips pulled in tension.
The camera used was a Unicam universal instrument arranged for back-reflexion. The X-ray beam was made sufficiently narrow (~ 0-3 mm.) to fall only on one grain at a time, and this made it possible to take separate back-reflexion Laue photographs of each of the six chosen grains. The X-ray reflexions from some of the grains were sharp, being about 0-5 mm. in width with a crystal to film distance of 25 mm., but often they were drawn out to lengths of 1 to 2 mm. Occasionally the spots were noticeably double, with separations of from 0-5 to 1mm.; this corresponds to rotations of about 0*5 to 1°. The indices of the spots were found by the method described by Greninger (1935) , and a stereographic projection was plotted for each grain showing the positions of the poles of the crystallographic planes in relation to the faces and edges of the strip in which it was situated. Each grain in turn was then rotated under the microscope by means of the tilting stage until the bands in it appeared to be most clearly resolved. By noting the angle of tilt and allowing for refraction at the surface the inclination of the birefringent lamellae was calculated. In this way the pole, P, of the glide plane was plotted on the stereographic projection. Table 1 gives the various angular relationships for each set of bands, derived with the aid of a stereographic net of radius 15 cm. Each line of the table refers to one set of birefringent bands, specified in column 3. In column 4 is entered the crystallographic plane of low indices having its pole nearest to P. The agreement between glide plane and crystal plane can best be judged from the angles a and /? in columns 5 and 6. The figures given for a show that the glide planes are in each case (except for the doubtful set C in grain 1 of strip 19) close to either a {111} plane or a {112} plane. If the planes were really coincident with these crystallographic planes, however, the accuracy of the experiments would lead to angles of 1 or 2° a t the most for a. The lack of close agreement between the angles y and also shows th a t the glide plane is not exactly crystallographic. An interesting light is thrown on this fact by the values of the angle £ given in column 9. £ is the measured angle between the glide plane and the ( 110) direction lying closest to it. I t will be noticed th a t the unusually high value of 5*0° occurs for a set of bands on which only rough measurements could be made, while the rest of the figures in this column are less than, or equal to, the experimental error. We conclude that, although the glide planes do not coincide with crystallographic planes they always contain a (110) direction. This is shown graphically by the stereographic projection in figure 8 . The plotted points are the poles of the glide planes. The (110) direction lying closest to the glide plane has in each case been assigned the indices [110] and all the points have been arranged to fall within one octant of the primitive circle. Such a procedure amounts only to a suitable choice of x, y and z axes in each grai more than one system of glide bands the x, y and axes have to be relabelled to deal with each set.) I t will be seen th at the points do not cluster in one position but are distributed near the great circle (straight fine) OA, which is the locus of the poles of planes lying in the [IlO] zone.
T a b l e 1. T h e c r y s t a l l o g r a p h ic o r i e n t a t i o n s o f t h e g l i d e
The results shown in the last two columns of table 1 will be referred to later.
(b) Experiments on rectangular bars
The experiments of which details are given in table 1 had necessarily to be con fined to grains containing band systems th at could be made sharp by tilting the sheet, for only in these cases was it possible to determine the true orientation of the glide plane. Experiments have also been made on specimens in which the true orientation of the glide planes could be found by measuring the direction of their traces on two non-parallel surfaces, regardless of whether any birefringent bands could be made visible or not. These specimens were in the form of rectangular bars of nearly square cross-section (measuring approximately 25 x 1 x 1 mm.) cut from a rolled sheet. After the four main surfaces had been polished by a microtome method, the bars were recrystallized by heating for 2 hr. at 400° C, cooled slowly in the furnace, and then the scratches left by the microtome were removed by dipping the bars for 15 sec. in a strong solution of sodium thiosulphate. This treatment revealed the boundaries of the recrystallized grains, and considerable portions of the specimens were seen, under the microscope, to consist of single chains of large grains. That is to say, each bar was equivalent to a succession of single crystals joined up end to end. A further series of back-reflexion Laue photographs was taken to find the crystallo graphic orientation of some of the glide planes produced by extension of these bars. Since the direction of the tension was known, such experiments also gave the possi bility of studying the relation between the glide plane and the stress system. The results are shown in tables 2 and 3.
Six sets of active glide planes were examined. The four grains in which they lay were all from two to three times as long as they were broad, the lengths being mea sured parallel to the axes of the bars. The tension in the central parts of these grains where the measurements were made would therefore have been reasonably uniform. The pole of each set of glide planes was found, with the aid of a stereographic net, by measuring the direction of the traces on at least two surfaces (non-parallel). In some cases the directions of the traces on all four surfaces were measured. The X-ray photographs were used, as before, to plot the positions of the poles of the crystallo graphic planes on the same stereographic projection. For the first four sets of glide planes given in table 2 the nearest crystallographic plane of low indices was of the form {111}; values of the angle, a, between this plane and the observed glide plane are given in column 5. The last two sets were nearer to {221} than {111} planes, but the angles with both planes are given in the table for comparison. The experimental error in the determination was due mainly to variation in the directions of some of the slip lines across the grains and to the distortion of the faces and edges of the grains; the latter caused uncertainty in the setting of the specimens in the X-ray camera and on the rotating and tilting stage of the microscope. The errors from these sources would be expected to be about ± 1-5°. The angles given in column 5, therefore, make it certain th at the glide planes, although near to crystallographic planes, are again not actually coincident with them. Nevertheless, in agreement with the experiments on the sheets, the values of £ in column 6 are all much smaller than those of a and it F igure 9. Stereographic projection showing the orientation of the glide planes in the rect angular bars, o Pole, P, of glide plane.
J. F. Nye T a b l e 2 . T h e c r y s t a l l o g r a p h ic o r i e n t a t i o n o f g l i d e b a n d s i n t e n s i l e BARS OF APPROXIMATELY SQUARE CROSS-SECTION
• Pole, P ', of plane containing and subject to the maximum resolved shear stress. seems permissible to conclude th at the glide plane, although not accurately {111} or {221}, always contains a <110) direction. Figure 9 is plotted on the same basis as>figure 8. The open circles, which show the poles of the glide planes, are again distributed close to OA.
(c) Pencil glide
These results suggest a comparison between the plastic behaviour of silver chloride and that of a-iron. Taylor & Elam (1926) found that in a-iron at room tem perature, although the direction of glide was crystallographically determined, the glide plane was not; it depended on the state of stress. This peculiar behaviour of iron has been studied by other investigators, including Barrett, Ansel & Mehl (1937) , and appears to be connected with the fact that the [111] direction is common to three different glide planes, not crystallographically equivalent, but each having the same critical shear stress at room temperature. Glide takes place in the <111) direction with a movement like that obtained by shearing a bundle of pencils in the direction of their length.
In view of this the natural course was to find whether the <110) direction which lay in the glide plane of silver chloride was in fact the glide direction. We find indica tions of this in the experiments on the sheets. Column 10 of table 1 gives the angle, e, which this <110) direction makes with the surface of the sheet. If it is the glide direction there should be no surface steps when it lies in the plane of the sheet and, other things being equal, the steps would be expected to increase in height as it makes increasingly large angles with the surface. It can be seen, by comparing columns 10 and 11, that whenever e is small there are no surface lines running in the same direction as the birefringent bands and, conversely, whenever e is large surface lines are observed. The hypothesis that <110) is the glide direction is thus strengthened.
It is worth remarking that, since the <110) direction in a crystal of silver chloride is parallel to rows of like ions, it would be surprising if it were not the glide direction.
A satisfactory theory of pencil glide has still to be found and this is not the place for speculation on the subject. We will content ourselves by citing the work of Elam (1936) on /5-brass and that of Andrade and his collaborators on slip in the body-centred cubic metals (Andrade 1938; Andrade & Chow 1940) .
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The relation between the glide elements and the applied stress
We now come to the relation between the direction of the tension and the glide elements in the rectangular bars. We first investigate the connexion between the axis of tension and the <110) direction lying in the glide plane. (A plane of maximum shear stress makes an angle of 45° with the tension and the direction of the shear stress in such a plane also makes 45° with the tension axis.) Table 3 gives the values of | 0-45° |, where 6 is the angle between a <110) direction and the axis of tension, for all the crystallographically equivalent <110) directions in the four grains whose orientations were known from the X-ray photographs. The values referring to the <110) directions that lie in the observed glide planes, and which we have tentatively assumed to be the operative glide directions, are shown in heavy type; in each case they are seen to be the lowest values in their column. (For the purposes of table 3 an arbitrary choice of x, y and z axes was made in each grain. The axes are therefore not those used in plotting the poles in figure 9 , where the axes were always arranged so as to make [110] the glide direction.) b l e 3 . S h o w in g h o w t h e s i x <(110) d i r e c t i o n s a r e r e l a t Angles corresponding to active glide directions are shown in heavy type and labelled with the letter corresponding to the glide band system.
We are thus led to the view th at glide takes place in those <110) directions which lie most nearly a t 45° to the axis of tension.
The glide plane must, of course, contain the glide direction, and in Taylor & Elam 's work on iron it was found to be close to th at one, out of the zone of planes containing the glide direction, on which the maximum shear stress, resolved in the glide direc tion, acted. In a crystal under uniaxial tensile stress cr the shear stress, t , on a glide plane resolved in the glide direction is given by t -cr cos (j) cos A, where (j) is the angle between the normal to the glide plane and the axis of tension, and A is the angle between the glide direction and the axis of tension.
If A and cr are fixed, ri s a maximum when 0 is a minimum. B ut (f) is normal to the glide plane lies in the same plane as the glide direction and the axis of tension. This determines the position of the glide plane in an ideal case in which the above criterion is exactly satisfied.
We may test how closely the condition is satisfied by constructing the pole, P ', of this ideal plane. The positions of P ' for each of the six glide systems -are shown by the filled-in circles in figure 9 . The results of measuring the angle, between P ' and P, the pole of the observed glide plane, are tabulated in column 7 of table 2. I t will be seen th at the correspondence between P and P ' is not exact, but nevertheless quite close, the maximum divergence being 8-9°. I t is apparent from figure 9 that the observed glide plane tends to deviate from the position of maximum resolved shear stress towards a position lying between the (221) and (111) planes. I t is therefore likely th at the critical resolved shear stress for glide is not quite the same for all the planes in the [110] zone, and th a t it is a minimum for a plane somewhere between (221) and (111). This may explain why the points in figure 9 are only found near the central portion of the line O A; for the grains with orientations that would have given glide planes a t other points of OA were ' harder ' than those th at gave poles in the central region; and, since only grains with well-developed glide lines were chosen.for measurement, these hard grains, which may not have slipped at all, were missed from the sample.
The only other determination of the glide elements in silver chloride known to me is th at of Stepanow (1934 Stepanow ( , 1935 . When single crystals were extended by simple tension he found glide in a <110) direction on planes within 5° of {110}. This result is in agreement with the conclusions reached here, for in Stepanow's experiments the crystals happened to be prepared with a {100} plane perpendicular to the axis of tension and, with this particular orientation, it is easy to see th at the possible •glide plane on which the maximum resolved shear stress acts is crystallographic-{110} in fact.
I t has been mentioned that in flat strips of silver chloride either bent or extended by tension birefringent band systems frequently occurred unaccompanied by any glide lines. The reason for this is now clear. The planes of maximum shear stress envelop a cone of semi-vertical angle 45° whose axis is the direction of the tension (or compression). Out of this group of planes, those which lie perpendicular to the plane of the sheet, will tend to glide in a direction parallel to the surface of the sheet.
There will thus be a tendency for sharp band systems without surface steps to form at 45° to the axis of tension. When glide lines do occur with such band systems they are invariably straight. This is in marked contrast with the wavy glide fines seen in grains in which the slip direction makes a considerable angle with the intersection of glide plane and surface. These observations indicate that the glide surface is not quite plane, but is corrugated in such a way that sections parallel to the glide direc tion are straight fines, while sections perpendicular to this are fines of a fixed general direction, but wavy in detail. Similar irregularities in the glide surfaces have been observed in other materials, notably in a-iron (Taylor & Elam 1926) , although the phenomenon in this metal may depend on the impurities (Andrade 1938) , and under certain conditions in mercury (Greenland 1937) .
Some other experiments confirmed this corrugated nature of the glide surfaces. When rectangular bars of the type already described were deformed by simple shear by holding them in tweezers in the way shown in figure 10, they sometimes gave glide planes perpendicular to the axis of the bar. This only happened in favour ably oriented crystals, for one wo.uld not expect that a <110) direction would always be found in the direction of shear. However, the experiment could be performed on many different crystals in the bar, and when nine different bars were tested in this way a number of such glide systems were produced. In all cases the glide lines in the direction of slip were quite straight, while those on the face perpendicular to the direction of slip were wavy and in many cases divided into several branches.
I t may be noted a t this point that, on the theory of pencil glide presented by Taylor & Elam and adopted here, the observation of glide surfaces th a t approximate to planes is a consequence of a uniform plastic strain in the crystals. (The small scale non-uniformity introduced by the fact th at glide does not take place on every atomic plane, but is concentrated in zones, is a much smaller effect than those we are now considering.) If glide took place by equal amounts bn a series of equally spaced cylindrical surfaces of more complicated type than planes, the resulting large-scale distortion of the crystal would not be a uniform simple shear. Conversely, a nonuniform distribution of stress would be expected to produce curved glide lines on the surface of the crystal. Such curved glide lines could always be seen in a silver chloride sheet near places where the stress had been inhomogeneous, near an in dentation, for instance, or in the distorted region left by the razor blade used for cutting the sheet. Each glide line corresponds, at all points of its length, to one glide direction, and it terminates a t the points in the crystal where this direction ceases to be the one corresponding to the most favourable plane for slip.
Effect of grain boundaries on slip propagation
On the hypothesis of pencil glide, the progress of plastic deformation in a poly crystalline specimen of silver chloride (or a-iron) might be expected to occur as follows. At first all grains are within their elastic limits. When the stress is increased, the critical resolved shearing stress for glide is reached first on a particular set of planes in one particular grain, which we denote by This grain will slip and, since its surface is now stepped, it will exert non-uniform stresses on its neighbours C, D, etc. If the applied stress is further increased, the part of B, for instance, which is situated near the surface of contact with A will either remain purely elastically strained, or will slip plastically in such a way as to conform to the stepped surface of A . In a material which was capable of glide only on crystallographic planes this could not be achieved in a simple way for the well-known reason th at no potential glide plane of B would intersect an operative glide plane of A in a line th a t lay in the grain boundary. In crystals capable of pencil glide, however, conformity a t the boundaries can be achieved without difficulty. The glide surface in the grain B, for instance, would be determined by the following construction. If A T is the line of intersection of one of the operative glide planes in A with the boundary between A and B, draw through each point of X Y lines whos glide directions in B, six in number if the glide direction is <110) (and four,if it is <111)). These lines will be the generators of six (or four) surfaces on which glide is geometrically possible. The surfaces will be planes if the grain boundary is itself a plane and glide in A has taken place on a plane, but, in general, they will be cylindrical surfaces of complicated form. In the immediate neighbourhood of the boundary the resolved shear stress acting on each of these glide systems will be largely due to the alternating stresses caused by contact with the stepped surface of A. That one will operate on which the resolved shearing stress is greatest, but it may, of course, be necessary to raise the external stress before this happens. In the centre of B the stress system will be disturbed from the configuration it had before grain A slipped not so much by these alternating stresses as by the macroscopic change of shape which grain A has suffered during the slip process. In general, then, a different slip system will tend to operate in the centre of the grain from that needed near its surface. The same considerations apply to A's other neighbours C, D, etc., and similar processes will occur throughout the whole specimen.
These views, while partly conjectural, find support in the present experiments. For instance, the grain immediately below the intersection of the cross-wires in figure 2a , plate 5 contains a sharp set of birefringent bands and at the same time its neighbour on the left is stressed non-uniformly down its right-hand edge by the translations that have taken place parallel to the bands. The same effect is seen in figure 7 , plate 6 at the boundary marked X (For these stress was removed.) Many other instances of this effect have been seen.
Again, the frequent occurrence of glide lines which do not stop at grain boundaries but continue across them without a break is a natural consequence of the property of pencil glide. It is difficult to conceive such an event, except as a coincidence, in crystals not capable of pencil glide. The effect is well seen in figure 6 a, plate 8. Another instance of a similar event is provided by figure 5, plate 7. Here there are two grains A and B separated by the boundary X X . The birefringent bands in each grain are in step as they cross X X , but it can be seen that they turn through a sharp angle. Referring to the values of 8 i n lines 1 and 2 of table 1 of birefringent lamellae are very nearly perpendicular to the surface. (This is also approximately true of the boundary.) This again would be inexplicable, except as a coincidence, with the usual glide mechanism.
It may also be noticed that grain B in this photograph contains several glide zones that end in the centre of the grain. One example is marked with a circle.
T y p e s o p r e s id u a l s t r e s s w i t h i n g r a in s
The main types of residual stress seen in the silver chloride sheets may be briefly listed.
(1) A system of stresses set up between the glide zones of each grain and alter nating with a period equal to the spacing of the glide zones. A detailed analysis of these is given in part II of this series (Nye 1949). They are produced in both single crystal and poly crystalline specimens and can reasonably be attributed to the presence of dislocations trapped in the glide zones.
(2) The alternating stresses produced near the grain boundaries at each end of a system of glide zones in a slipped grain.
(3) ' Heyn stresses ' produced by non-uniformity of plastic deformation from grain to grain (see, for example, Seitz 1943) . (This category includes the residual bending moments referred to in § 3.) 9. T h e a n n e a l i n g p r o c e s s
J. F. Nye
A series of experiments has been performed with the object of studying the progress of annealing in a cold worked silver chloride sheet. The thermal expansion of cubic crystals is isotropic and, provided the temperature of the sheet were always uniform, no stresses due to the different expansions of the grains, such as are found in polycrystalline specimens of non-cubic materials, would be expected.
The sheet shown in figure 2 a was heated to 355° C and allowed to cool in the furnace. Under these conditions recrystallization did not occur and the sheet appeared as shown in figure 26 . There was no alteration in the position of the light places, but only a reduction in their intensity. This shows th a t annealing does not bring about any large-scale redistribution of stress, but only a general reduction of its magnitude. After a further period of heating of f hr. at 415° C the pattern had almost disappeared. I t was essential to cool slowly from the high temperature if a strip was to be obtained free from internal stresses. The thermal gradients set up by removing a specimen directly from the furnace at 400° C to the air of the room caused internal stresses and plastic deformation. I t is true th a t silver chloride is a bad conductor of heat, but the photoelastic method is more sensitive than a surface examination in revealing plastic deformation. This experiment illustrates the care th a t must be taken in the annealing even of cubic materials if a specimen free from internal stresses is to be obtained a t room temperature.
The use of silver chloride for the investigations described in this part and p art I I was suggested by Dr E. Orowan. I should like to thank him warmly for allowing me to develop his idea and for his help and counsel during the work.
The experiments were financed by the British Iron and Steel Research Association.
